
PHYSICAL REVIEW B 1 NOVEMBER 1999-IIVOLUME 60, NUMBER 18
Growth-induced magnetic anisotropy and clustering in vapor-deposited Co-Pt alloy films
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Polycrystalline and epitaxial~100!-, ~110!-, and~111!-oriented CoPt3 and Co0.35Pt0.65 films were deposited at
various growth rates and over a range of growth temperatures from250 to 800 °C. Films grown at moderate
temperatures~200–400 °C! exhibit remarkable growth-induced properties: perpendicular magnetic anisot-
ropy and large coercivity, as well as enhanced Curie temperature and low-temperature saturation magnetiza-
tion. Magnetic measurements indicate significant Co clustering in these epitaxial fcc films. These properties are
independent of crystallographic orientation, increase with increasing growth temperature, and vanish with
annealing. We propose that the correlation between magnetic inhomogeneity, magnetic anisotropy, and en-
hanced moment is explained by clustering of Co into thin platelets in a Pt-rich lattice. This clustering occurs
at the growth surface and is trapped into the growing film by low bulk atomic mobility.
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INTRODUCTION

Vapor-deposited CoxPt12x alloys of various compositions
have been found to possess perpendicular magnetic an
ropy ~PMA!.1–9 For certain compositions, oriented tetragon
or hexagonal long-range-ordered phases provide an obv
source of this anisotropy.10 However, PMA also is present in
fcc alloys, which should have cubic symmetry, where it a
pears to be a growth-induced effect, similar to amorph
Tb-Fe alloys.11 The magnitude of this anisotropy can b
quite large, significant fractions~;10%! of that found in the
best Co/Pt multilayers, where the source of the anisotrop
clear.12,13 The large PMA combined with large Kerr rotatio
at blue light frequencies exhibited by CoxPt12x alloys makes
this material a possible next-generation magneto-optic~MO!
or perpendicular magnetic recording medium.2

At high temperature, in equilibrium, CoxPt12x alloys have
a face-centered cubic structure for all Co concentrations
are continuously soluble.14 At lower temperatures, long
range chemical order develops, such that below 800 °C,
the Co0.50Pt0.50 composition, CoxPt12x exhibits CuAu-type
(L10) long-range order~LRO!, and Cu3Au-type (L12) LRO
below 685 °C near the Co0.25Pt0.75 composition.15 The L10
phase has tetragonal symmetry, and there have been o
vations of a hexagonal LRO phase at the Co0.75Pt0.25
composition,16 but theL12 phase has cubic symmetry. No
that theL12 phase can be regarded as a chemically orde
fcc structure, specifically with Co atoms at the cube corn
and Pt atoms at the face centers or, equivalently, with a
nating ~100! planes of pure Pt and CoPt. Our measureme
have primarily been done on Co0.25Pt0.75 and Co0.35Pt0.65
samples. From the equilibrium phase diagram, for temp
tures below the liquids, Co0.25Pt0.75 is structurally ordered
~fcc!, but chemically disordered above 685 °C and che
PRB 600163-1829/99/60~18!/12826~11!/$15.00
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cally ordered (L12) below 685 °C. The Co0.35Pt0.65 compo-
sition is similarly structurally ordered and chemically diso
dered ~fcc! at high temperatures, but more complicated
lower temperatures, since it is near the two-phaseL10 /L12

region.
Perpendicular anisotropy previously reported in f

CoxPt12x thin films has been attributed to various mech
nisms, ranging from remnants of oriented chemical LRO
Co0.25Pt0.75 samples,4,5 to growth-induced heterogeneity fo
unspecified reasons,3 to trapped-in surface phenomena su
as surface segregation,6,7 to compressive strain due to pre
erential pair coordination along the~111! growth direction,7

to magnetically induced phase separation.6 We have, how-
ever, shown6 that samples exhibiting the strongest PMA ha
no LRO. Further evidence will be presented here for
existence of PMA in films with a variety of crystallograph
orientations, with no LRO, suggesting that the anisotropy
not linked to theL12 or any other LRO phase, but is in fac
a growth-induced effect, relatively independent of the und
lying crystal structure. Recent work on sputtered samples
also found PMA in CoxPt12x films with no LRO,8 and even
some of the early work supports this conclusion.2 Through
ongoing experiments with Ni-Pt alloys, which show som
what similar effects, but have significantly lower Curie tem
peratures, we have also found that magnetic interactions
not be the underlying cause.17 Extended x-ray absorption fin
structure ~EXAFS! measurements on ~111!-oriented
Co0.25Pt0.75 films with PMA show increased Co-Co coord
nation in plane and increased Co-Pt coordination out
plane, within a fcc lattice, relative to films without PMA; thi
was suggested to be due to two-dimensional clustering
CO.18,19 Angle-dependent magnetic circular dichroism e
periments show both an increase and an asymmetry in
12 826 ©1999 The American Physical Society
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PRB 60 12 827GROWTH-INDUCED MAGNETIC ANISOTROPY AND . . .
magnitude of the Co orbital moment in and out of plan
again for~111! films, presumably reflecting the source of th
magnetic anisotropy.20

As has been suggested in at least two papers,6,7 an incom-
plete surface segregation which is trapped into the grow
film seems a possible, although unproved, source of the
isotropic structure. In equilibrium, CoxPt12x alloys are
known to show nearly complete surface segregation.21 Both
the ~111! and ~100! surfaces are terminated with a pure
layer with significant Co enrichment of the second layer; t
compositional modulation continues for approximately fo
atomic monolayers with an exponentially damped amplitu
The ~110! surface has the reverse segregation, with the
face layer being Co rich and the second layer being Pt r
and again an exponentially damped compositional mod
tion. The ~100! surface undergoes a quasihexagonal rec
struction similar to that observed in pure~100! Pt.21 The
result of this reconstruction is that the surfaces of the~100!
and ~111! films should have the same symmetry duri
growth~both are triangular nets! with only a small difference
in surface atom spacing, if the surface maintains an equ
rium structure during growth. This pattern of surface seg
gation has been observed for both fcc~chemically disor-
dered! Co0.2Pt0.8 andL12 ~LRO! Co0.25Pt0.75.

21 Note that the
segregation means that the surface for all but the~100! ori-
entation cannot be a bulk termination of theL12 phase, sug-
gesting that surface energy dominates the long-range-o
energy. Studies of Co monolayers deposited on a~111! Pt
surface show that a stable, two-monolayer-thick, fcc~chemi-
cally disordered! alloy forms after annealing at 375 °C;22 an-
nealing at 630 °C results in diffusion of Co deeper into the
film. It would appear, then, that surface energetics supp
rather than favor the formation of the long-range-orde
phase in Co-Pt alloys.

In this paper, we report results of polycrystalline a
~100!-, ~110!-, and ~111!-oriented single-crystalline
CoxPt12x (x50.25,0.35) alloy films grown at different depo
sition rates and substrate temperatures. We have perfor
extensive vacuum annealing studies to explore the equ
rium states of these films. Structural characterization w
done on a high-resolution x-ray diffractometer to study
crystal quality and chemical LRO. We characterizedM (T)
and M (H) at various temperatures, room-temperatu
torque, and magneto-optic Kerr effect~MOKE! to measure
the Curie temperature, magnetization, anisotropy, and op
properties on samples with the same composition prep
under different conditions.

We find magnetic properties indicative of clustering of C
atoms in all samples with PMA. These properties inclu
M (T), which shows a broad magnetic ordering with a s
nificantly enhanced magnetization onset~hundreds of °C!,
and M (H) loops, which indicate inhomogeneity. We als
find large enhancements in low-temperature saturation m
netic moments in the samples which exhibit PMA and e
hanced magnetization onset, suggestive of large Co or
contributions. We find that PMA in these Pt-rich CoxPt12x
samples is never present at the same time asL12 LRO; all
samples with PMA are single-crystal fcc as measured
both x-ray scattering and transmission electron microsc
~TEM!. We propose that Co clustering occurs on the grow
surface and then is ‘‘frozen’’ in the bulk of those sampl
,
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grown at temperatures for which bulk atomic mobility
low. It is possible that the source of this clustering is rela
to surface segregation. We suggest that the PMA origina
at the Co/Pt interfaces of thin, flat Co platelets in a Pt mat
similar to the anisotropy found in deliberately prepar
Co/Pt multilayers; these platelets would explain not only
anisotropy, but the enhanced magnetic moment and br
magnetic onset with temperature. It is interesting to note t
the anisotropy in these seemingly cubic materials, prepa
by codeposition, approaches 10% of that found in the b
Co/Pt multilayers.12,13

SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION

Epitaxial ~100!, ~110!, and ~111! CoxPt12x films were
grown on ~100! MgO and NaCl,~110! MgO, and ~0001!
Al2O3, respectively, and polycrystalline CoxPt12x films on
amorphous-SiN-coated Si substrates. Samples were grow
deposition temperatures from250 to 800 °C withx50.25
60.02 or 0.3560.02 as determined by electron micropro
and Rutherford backscattering.23 The error represents th
variation in composition of different samples rather than
uncertainty in the measurement. The films were depos
from individual Co and Pt sources using electron beam
evaporation. The total deposition rate was varied betw
0.012 and 1.5 Å/s. The base pressure of our vacuum sys
is 9.5310211Torr and the pressure during deposition w
3.0310210Torr. The film thickness was varied from 300 t
3000 Å and was measured using low-angle x-ray interfere
fringes. No significant dependence on film thickness w
found in any of the magnetic properties.

Figure 1 shows high-resolution, high-angleu-2u scans
about the ~400! x-ray reflections from ~100!-oriented
Co0.25Pt0.75 films grown at 800 and 400 °C. The data we
acquired using a four-crystal@~220! Ge# monochrometer on

FIG. 1. High-resolutionu-2u scans about the~400! x-ray reflec-
tion from ~100!-oriented Co0.25Pt0.75 films grown at~a! 800 °C and
~b! 400 °C.
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12 828 PRB 60A. L. SHAPIRO et al.
the incident beam side~Cu Ka radiation! and a single~220!
Ge monochrometer on the exit beam side. The film grown
800 °C is chemically disordered (S,0.1, whereS is the
long-range-order parameter!, indicating that we were able to
quench the sample from 800 °C to room temperature with
developing LRO. LRO was also below the detectable lim
(S,0.1) in the film grown at 400 °C, as it was in all film
deposited at temperatures below 550 °C. The lattice c
stants of the films deposited at 400 and 800 °C are iden
to within 0.03%, and there is no evidence of any kind
distortion or second peak in the reflection from the fi
grown at 400 °C. The greater width of the reflection from t
400 °C film is a manifestation of a larger number of stru
tural defects in this film relative to the film grown at 800 °C
as will be further discussed below. These defects and l
angle grain boundaries limit the coherence size of fcc
mains seen by x-ray reflections~e.g., from the width seen in
Fig. 1! to less than 500 Å.

High-resolution x-ray diffraction measurements of t
~400!, ~333!, and~330! reflections from each film, both~100!
and~111! orientations, show that strain is less than 0.03%
all cases, consistent with previous measurements.4 There is
therefore no significant structural difference in the lattice
tween the in-plane and perpendicular directions on the len
scale measured by x-ray diffraction.

Figure 2 shows the full width at half maximum~FWHM!
of the rocking curve about the~200! and~222! reflections of
the ~100!- and ~111!-oriented samples, respectively, as
function of substrate temperature during growth. In gene
the mosaic spread is a strong function of the growth temp
ture and we see that down to 200 °C the width of the rock
curve increases as the growth temperature is reduced. T
rocking curves are also consistent with fcc coherent dom
sizes of under 500 Å, limited by structural defects which a
seen in TEM. The film grown at250 °C ~Ref. 23! ~not
shown in the figure! has a narrower rocking curve than film
grown at 200 °C. This is, possibly, a manifestation of ree
trant layer-by-layer growth known to occur in vapo
deposited Pt films or more likely due to the use in this film

FIG. 2. Mosaic spread~determined by triple-axis x-ray measur
ments! in as-deposited~111! and ~100! Co0.25Pt0.75 films as a func-
tion of substrate temperature during growth. Rocking curves w
measured about the~200! and ~222! reflections of the~100!- and
~111!-oriented films, respectively. Mosaicity increases with d
creasing growth temperature except for~111!-oriented film grown
at 250 °C~not shown in figure! which was grown on a Pt seed laye
and had a mosaic spread of 1.45°. Error bars are smaller than
bol size and are not displayed.
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a Pt seed layer deposited immediately before deposition
the alloy.

As noted earlier, Co0.25Pt0.75 has a Cu3Au-type (L12)
long-range-ordered phase in which Co atoms occupy the
ner sites of a fcc unit cell and Pt atoms occupy the face si
In our previous work we showed the dependence of the m
nitude of the long-range-order parameterS on growth tem-
perature, for the as-deposited Co0.25Pt0.75 films.6 S is zero for
films grown above 675 °C, as expected from the equilibriu
bulk phase diagram. Below 675 °C,Smatches the increasin
order with decreasing temperature seen in the bulk equ
rium curve down to 630 °C. Below 630 °C the as-grow
LRO falls significantly below the bulk equilibrium value
Estimates of the domain size of the LRO phase based on
width of the x-ray superlattice peaks show that domains
small ~of the order of 150 Å in the film with maximum
LRO!.

Reflection high-energy electron diffraction~RHEED! pat-
terns observed during growth of the epitaxial films show
vertical diffraction lines with no sign of rings and low dif
fuse scattering, indicating good crystal quality for all film
even at 3000 Å thickness. Pt seed layers are needed to
epitaxial growth below 200 °C. At high temperature, 600 °
where we find the films as-grown possess significantL12
LRO, an unreported five-fold surface reconstruction was
served in RHEED. Morphological changes take place in
as-deposited film in the first one to five monolayers of t
as-deposited film. The first two monolayers of the film sho
a spotted RHEED reflection, consistent with extremely fl
layers, while subsequent layers yield an image with lo
uniform streaks. Atomic force microscopy images of the t
surfaces of 3000-Å-thick films show significant roughne
and islanding.

EXAFS measurements have been made. Full analyses
not yet completed and will be reported in a futu
publication.24 The EXAFS measured on the Co absorpti
edge shows significant enhancement in in-plane Co-Co c
dination numbers for films grown at 400 °C, consistent w
results by other workers.18,19 Out-of-plane coordination was
not measured.

Transmission electron microscopy~TEM! was used to ex-
amine the structure of 600-Å-thick~100! Co0.25Pt0.75 samples
deposited on both MgO and NaCl. The NaCl substrates w
dissolved in water. The samples deposited on MgO w
etched in water at 80 °C for a period of approximately
week, after which time the sample lifts off the substrate. T
disadvantage of this technique is that only very small sam
flakes are recovered. Figures 3~a! and 3~b! show bright-field
TEM micrographs of~100!-oriented Co0.25Pt0.75 films depos-
ited on ~100! MgO at 400 °C and~100! NaCl at 300 °C,
respectively. In both cases, the sample is single crystallin
seen from the selected area diffraction patterns~SAD!,
shown in the insets. The SAD patterns show that the str
ture is fcc with a lattice spacing of 3.8360.03 Å, consistent
with x-ray measurements. LRO peaks@e.g.,~100!# were care-
fully looked for and not seen. The contrast seen in Fig. 3~a!
is from dislocations, likely originating from thermal and la
tice mismatch relaxation processes. The tiling seen in F
3~b! is probably the result of growth domains influenced
the surface structure of the NaCl substrate, etched away
ing ~TEM! sample preparation.
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MAGNETIC MEASUREMENTS

We have studied the magnetic transitionM (T) in
Co0.25Pt0.75 and Co0.35Pt0.65 samples as a function of growt
temperature, using a vibrating sample magnetometer~VSM!.
A Pt-Rh thermocouple was mounted directly on the qua
VSM sample rod, and the rod was immersed in temperat

FIG. 3. Bright-field, plan-view TEM micrographs of 600-Å
thick Co0.25Pt0.75 films deposited at~a! 400 °C on MgO~100! and
~b! 300 °C on NaCl~100!. The selected-area diffraction pattern
shown in the insets are from a~100! pole. The contrast in~a! is
consistent with dislocations. The contrast in~b! comes from a semi-
regular rectangular tiling aligned with the~100! in-plane directions
and is probably due to growth domains nucleated on the NaCl
strate.
z
e-

controlled flowing Ar gas. Each sample was first technica
saturated along the easy axis or plane of magnetization: t
the external field was reduced to 200 Oe and the magne
tion was measured upon heating.

In previous work6 we showed that~100! and ~111! films
of Co0.25Pt0.75 deposited at 700–800 °C show a sharp ma
netic transition at an ordering temperature of 210 °C, as
pected for the chemically disordered fcc phase. This re
shows that the as-deposited film was successfully quenc
from a 700–800 °C growth temperature to room temperat
and may be thermally cycled up to~at least! 210 °C without
significant annealing; annealing experiments described
low show that thermal cycling up to 400 °C~for brief times!
causes no changes in any of the films described here. F
grown at growth temperatures between 500 and 650 °C s
a slightly broadened magnetic transition and a lowered on
temperature due to partial LRO.6,25,26 Films grown between
200 and 450 °C have a broad magnetic transition and
increased onset temperature~by 50–200 °C!. Films grown at
low temperature~250 and 80 °C! show once again a shar
magnetic transition at the fcc Curie temperature of 210
Figure 4 is a plot of the magnetic onset temperature a
function of deposition temperature in as-deposit
Co0.25Pt0.75 films for all three orientations. The dependen
on growth temperature is the same as was found previou6

and does not depend on orientation of the film. It also d
not depend on the film thickness~from 300 to 3000 Å at
least!.

The saturation magnetizationMS measured far belowTC
follows the same trend as the onset temperature in
deposited Co0.25Pt0.75 samples. Figure 5 showsMS at 5 K of
Co0.25Pt0.75 samples deposited at different temperatures. T
magnetic moment per stoichiometric unit cell~for every one
Co and three Pt atoms! varies fromm5(1.8560.1)mB in the
TS5630 °C sample~partial LRO! to (2.160.1)mB in the
TS5800 °C sample~fcc phase! to (2.760.1)mB in the TS
5400 °C sample. The uncertainty in these values is do

b-

FIG. 4. Magnetic onset temperature of~100!, ~110!, and ~111!
as-deposited Co0.25Pt0.75 films as a function of substrate temperatu
during growth where onset temperature is defined to be the t
perature at which the magnetization rises to 5% of its value
25 °C. The dashed line showsTc for the fcc phase;Tc for the fully
orderedL12 phase is 0 °C. Films grown at 80 °C and250 °C were
grown on a thin~25–50 Å! Pt seed layer~without which they were
not epitaxial!. Error bars are smaller than symbol size and are
displayed.
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12 830 PRB 60A. L. SHAPIRO et al.
nated by uncertainty in the sample volume. In all cases
moment is higher than can be accounted for by the mom
typically quoted for the Co@(1.74– 1.78)mB /atom#; the ad-
ditional moment for both the fcc andL12 phases is tradition-
ally associated with magnetization of the Pt and is large
the fcc phase (mPt50.24mB) than in the L12 phase
(0.1mB).27,28 Note, however, that 2.7mB for TS5400 °C is
considerably higher than is reported for either the fcc orL12
phase, even including the Pt enhancements found there; s
MS is an average property, the excess is not easily explai
In Co/Pt multilayers, enhancements in the Co orbital mom
at the interfaces of 0.07mB have been measured.29 If we take
the maximum of all these values, (1.7810.07)mB for Co and

FIG. 5. Low-temperature saturation magnetizationMS of as-
deposited Co0.25Pt0.75 films as a function of substrate temperatu
during growth.MS was determined fromM (H) curves measured a
5 K with H along the easy axis, with a vibrating sample magne
meter.
e
nt

n

ce
d.

nt

0.24mB for each Pt52.6mB per unit cell, we nearly reach th
observed value of 2.7mB , but this implies that all Co is a
planar interfaces with Pt, as in a thin multilayer, and all
has three Co neighbors, as in fcc CoPt3. Angular-dependent
magnetic circular dichroism measurements of~111! CoPt3
grown at 417 °C have suggested a Co orbital moment
hancement of 0.16mB ,20 consistent with our magnetizatio
measurements. We note also the strong correlation of
magnetic onset temperature with increased low-tempera
magnetic moments, both in this work and for the literatu
fcc andL12 phases.

Figures 6~a!–6~d! are plots of the parallel and perpendic
lar hysteresis loops measured at room temperature
Co0.25Pt0.75 samples deposited at, respectively, 800, 630, 4
and250 °C. The samples deposited at 800, 630, and250 °C
all have an easy plane, with an anisotropy field~from hard-
axis measurements! HK<4pMS corresponding to shape an
isotropy plus~for 630 and250 °C! a small intrinsic perpen-
dicular anisotropy. Samples grown near room tempera
~80 °C! have M (H) curves identical to that shown fo
800 °C, withHK54pMS . The 400 °C samples shows a pe
pendicular easy axis, significant coercivity, and remanenc
the hysteresis loop. Thin samples~300 Å! grown at 400 °C
have similarM (H) curves, with similar coercivity, but the
hysteresis loop is more square, giving much higher zero-fi
magnetic remanence than that seen in Fig. 6~c!. Polycrystal-
line samples grown at 400 °C have much larger coerciv
~over 10 000 Oe at room temperature! and full remanence
(Mr5MS). Films grown at temperatures between 200 a
400 °C showM (H) curves similar to those of the 400 °C
sample. Large coercivity and remanence, attributable to
homogeneity in the sample, are only found in samples w

-

FIG. 6. M (H) curves, withH parallel and perpendicular to the film plane, acquired at room temperature for~111! Co0.25Pt0.75 3000-Å-
thick films grown at~a! 800 °C,~b! 630 °C,~c! 400 °C, and~d! 250 °C.
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significant PMA and enhanced magnetic onset temperat
Samples grown at both higher and lower temperatures s
low coercivity, implying a more homogeneous sample.

Similar results are found for Co0.35Pt0.65. Figure 7 shows
the normalized magnetic moment as a function of redu
measurement temperature for~111!-oriented Co0.35Pt0.65
films deposited at 780, 700, 650, 600, and 400 °C. As in
Co0.25Pt0.75 samples, the shape of the magnetic transition
sharp and nearly identical for the films deposited at
higher temperatures, but it is notably broader for the fi
deposited at 400 °C. Figure 8 is a plot of the magnetic on
temperature of Co0.35Pt0.65 films as a function of deposition
temperature. The onset temperature is enhanced by al
200 °C in the Co0.35Pt0.65 film deposited at 400 °C film com

FIG. 7. Normalized magnetization as a function of temperat
normalized byTc for each film, measured upon heating in a 200
external field for as-deposited~111! Co0.35Pt0.65 films grown at 780,
700, 650, 600, and 400 °C.M was measured withH applied along
the easy axis or plane of magnetization~in plane for 780, 700, 650
and 600 °C, perpendicular for 400 °C!. The films grown at 600 °C
or above all have a sharp, ferromagnetic onset near a well-de
Curie temperature. The film grown at 400 °C exhibits a very bro
transition. Films grown at other temperatures show intermed
behavior.

FIG. 8. Magnetic onset temperature of as-deposited~111!-
oriented Co0.35Pt0.65 films as a function of substrate temperatu
during growth where onset temperature is defined to be the t
perature at which the magnetization rises to 5% of its value
25 °C. The dashed line showsTc for the fcc phase. Error bars ar
smaller than symbol size and are not displayed.
re.
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pared to the one deposited at 800 °C. In Co0.35Pt0.65, unlike
CoPt3, small LRO peaks~e.g., 100! were observed in nearly
all films. This may be a consequence of the proximity
these 35 at. % samples to the two-phase boundary. The
grated intensity of these peaks is very small~the LRO pa-
rameterS is less than 0.1!.

We measured the perpendicular magnetic anisotropy
room temperature in CoxPt1-x alloy films through torque
magnetometry. The net anisotropyK8 was determined using
Miyajima’s 45° method,30 and the intrinsic anisotropyKui is
given byKui5K812pMS

2. For some samples, with largeM,
Kui was determined from theM (H) curves using the expres
sion K85(HK* MS)/2, whereHK is the field value at which
the magnetization along the hard axis first reaches its sat
tion value. Torque magnetometry measurements show
large intrinsic perpendicular uniaxial magnetic anisotropy
samples deposited at temperatures from 200 to 450 °C w
maximum at 400 °C, for Co0.25Pt0.75. Figure 9~a! shows the
intrinsic anisotropyKui as a function of deposition tempera
ture in Co0.25Pt0.75 samples for the three orientations, as me
sured by torque magnetometry. The shape anisotropy is
than 15% of the peak perpendicular anisotropy. Figure 9~b!
shows similar data for Co0.35Pt0.65, determined fromM (H)
curves.

The magnetic ordering onset temperatureM (T) curve and
anisotropy for~100! Co0.25Pt0.75 samples grown epitaxially
on NaCl were the same as for samples deposited on~100!
MgO, but the coercivity was substantially higher. The high
coercivity is probably due to a higher number of defects a
spacing relevant to domain wall nucleation and pinni
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FIG. 9. Intrinsic, uniaxial, perpendicular anisotropy in a
deposited~a! ~100!, ~110!, and ~111! Co0.25Pt0.75 and ~b! ~111!
Co0.35Pt0.65 films as a function of substrate temperature duri
growth ~shape anisotropy contribution removed!.
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~hundreds of Å; see Fig. 3! in the sample deposited on NaC
which has a rougher surface than polished MgO.

There is complete correlation betweenTC and MS en-
hancements and anisotropy in our CoxPt1-x samples. The
rise, peak, and rapid dropoff of the anisotropy and of
Curie temperature and low-temperature moment enha
ment occur at the same deposition temperatures, indepen
of crystallographic orientation of the film. Films with pe
pendicular anisotropy also show significant coercivi
shown in Fig. 6~c! and plotted as a function of growth tem
perature in Fig. 10. Unlike anisotropy, however, coerciv
depends strongly on orientation and peaks not at 400 °C,
closer to 300 °C, consistent with results of previous work
on evaporated and sputtered samples. These variations
be discussed further below, but are presumably a resu
microstructural differences~see, e.g., mosaicity shown i
Fig. 2! which have a strong effect on coercivity.

Complex polar MOKE spectra~polar Kerr angle and el-
lipticity ! were measured in air and at room temperature, c
ering photon energies between 0.8 and 5.3 eV. Fields
1/220 kOe, sufficient to saturate the magnetization in
film normal direction, were applied during the measureme
~see Ref. 31 for more details!. Figure 11 shows the rotatio
and ellipticity of the reflected light in the MOKE measur
ment as a function of energy. We note that all samples h
an enhanced rotation at blue light energies~;4 eV!. The
homogeneous alloy (TS5800 °C) has the largest Kerr rota
tion ~a rotation of 0.8°, which is significantly larger tha
previously measured in either Co0.25Pt0.75 or in Co/Pt
multilayers2!, but has no PMA. The sample with maximu
PMA ~grown at 400 °C! has considerably smaller Kerr rota
tion. We note the technologically important result that t
sample deposited at 200 °C has significant PMAand a Kerr
rotation higher than that found in multilayers, combining tw
important storage medium properties at a relatively l
deposition temperature.

We have vacuum annealed films grown at various de
sition temperatures at temperatures ranging from 200
800 °C for times ranging from 1.5 to 500 h. We have fou
that annealing at temperatures above 400 °C drives
samples toward the accepted bulk equilibrium, either
chemically LRO state or the chemically disordered fcc sta

FIG. 10. Room-temperature coercivity of as-deposited epita
Co0.25Pt0.75 films as a function of substrate temperature dur
growth. The coercivity in polycrystalline films is approximate
103 larger than that shown here.
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depending on the annealing temperature. Specifically,
nealing any sample for 100 h at 800 °C results in a film w
no PMA and a Curie temperature of 210 °C, the same as
found in films deposited at 800 °C. Annealing at tempe
tures between 450 and 685 °C, the LRO temperature, res
in gradual formation of the LRO phase, with a consequ
gradual drop in Curie temperature and elimination of PM

Annealing at temperatures less than 400 °C left the ani
ropy, Tc , and the shape of theM (T) curve unchanged in al
samples. 400 °C is close to one-third of the melting tempe
ture of CoPt3 and, hence, an approximate temperature
which appreciable bulk mobility is expected. At 400 °C, w
find strong effects of the length of annealing time. Anneali
a sample grown at 400 °C for 100 h at 400 °C results in
20% drop in PMA and no noticeable change in the on
temperature. A 500 h anneal at 400 °C results in the PM
relaxing away, a drop in the magnetic onset temperature,
a sharpening of the magnetic transition. Figure 12 shows
effect of annealing a sample deposited at 400 °C at temp
tures of 400 °C and above. At higher annealing temperatu

l
FIG. 11. Ellipticity and Kerr rotation for as-deposite

Co0.25Pt0.75 films @~100! epitaxial#. The samples deposited at 40
and at 200 °C have perpendicular anisotropy. The 800 and 65
samples have in-plane~shape! anisotropy. All samples were mea
sured by polar Kerr using perpendicular saturating magnetic fie
~620 kOe!; see Ref. 31 for details.

FIG. 12. NormalizedM (T) of Co0.25Pt0.75 samples deposited a
Ts5400 °C and vacuum annealed at temperatures and times sh
in the legend.M (T) was measured inH of 200 Oe applied along
the easy axis or plane as measured at room temperature, after
netically saturating in 10 000 Oe.
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the anisotropy relaxes away completely and the magn
onset temperature drops below that of the homogeneou
loy, due to the formation of the LRO phase.

We have also annealed samples deposited at 200,
and 800 °C at 450 °C for 100 h. The sample deposited
200 °C loses its PMA, and the magnetic ordering onset dr
to 140 °C, while the magnetic transition sharpens. T
sample deposited at 600 °C, which was partially long-ran
ordered in the as-deposited state, undergoes the sma
change in Curie temperature. Finally, the sample deposite
800 °C undergoes a 20 °C drop in Curie temperature and
magnetic transition slightly broadens, due presumably to
velopment of partial LRO.

We have investigated the effect of deposition rate on
anisotropy and clustering in Co0.25Pt0.75 samples deposited a
400 and 250 °C. At 400 °C varying the deposition rate by
order of magnitude has no effect on PMA or on the magn
onset temperature enhancement: samples deposited a
and at 1.3 Å/s have the sameM (T) profile and identical
M (H) hysteresis loops at room temperature. For subst
temperatures of 250 °C, however, increasing the depos
rate produces a marked decrease in PMA. Figure 13~a! is a
hysteresis loop of a Co0.25Pt0.75 sample deposited at a rate
1.5 Å/s. The perpendicular and parallel hysteresis loops

FIG. 13. M (H) curves, withH parallel and perpendicular to th
film plane, acquired at room temperature for 300 Å~111!
Co0.25Pt0.75 films grown at 250 °C at a rate of~a! 1.5 Å/s and~b!
0.012 Å/s. In~a!, there is no preference for the moment to lie in
out of plane, meaning that a small intrinsic PMA is balanced
shape anisotropy. In~b!, the easy axis is perpendicular with a larg
intrinsic anisotropy energy.
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nearly the same, implying that the intrinsic anisotropy ene
is on the order of the shape anisotropy,Kui;6
3105 erg/cm3. When Co0.25Pt0.75 is deposited at a rate 10
times slower, 0.012 Å/s@Fig. 13~b!#, the sample exhibits
PMA with a much larger anisotropy energy (Kui;2.6
3106 erg/cm3!. Figure 14 showsM (T) data for Co0.25Pt0.75
deposited at 250 °C at three different deposition rates. Th
is little difference between these three curves: the sam
deposited at the slowest rate~0.012 Å/s! has a somewha
sharper transition than the samples deposited at higher r
but the magnetic onset temperature is the same in all of
samples.

We have deposited a series of Co-Ag samples at a var
of compositions and growth temperatures between 200
400 °C to probe Co clustering in an alloy with a positiv
energy of mixing. Various magnetic behaviors were se
but no samples showed the broadM (T) curves seen in Co-P
alloys.

DISCUSSION

Analyses of the magnetic and structural data lead to
conclusion that the Co atoms are clustering in as-depos
samples grown near 400 °C despite the fact that they rem
structurally single crystal. The broadened magnetic transi
seen in samples deposited near 400 °C is indicative of in
mogeneity in the sample, while the enhanced magnetic o
~200 °C higher than either the fcc orL12 phases of the sam
composition! indicates clustering of the Co atoms within th
alloy matrix. An increased number of Co-Co nearest nei
bors leads to a stronger exchange coupling and a highe
dering temperature. A distribution of cluster sizes results i
distribution of magnetic transition temperatures and henc
slowly rising moment with decreasing temperature. Co cl
tering could also account for the large coercivity seen
these samples and not seen, for example, in the sam
grown at250 °C. The overall shape of the hysteresis loops
explained by well-developed models of stripe domains
materials with PMA,32–34 but the significant remanence an
coercivity are the result of irreversible magnetization p
cesses and an indication of inhomogeneity of some type33

Uniaxial magnetic anisotropy is found in samples that
structurally cubic as seen in x-ray measurements, for all th

y

FIG. 14. NormalizedM (T) measured upon heating in a 200 O
perpendicular applied field, after magnetically saturating at ro
temperature, for as-deposited 300-Å-thick~111! Co0.25Pt0.75 films
grown at 250 °C at three different deposition rates.
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orientations@~100!, ~110!, and ~111! and polycrystalline#. It
is difficult to construct a mechanism of residual LRO whi
explains PMA in~111!- and~110!-oriented Co0.25Pt0.75 films
since the compositional ordering which is theL12 phase oc-
curs along the~100! directions. Furthermore, neither TEM
nor x-ray diffraction measurements show LRO in films w
PMA ~e.g., grown at 400 °C!. Measurements of the mosa
spread~Fig. 2! show no correlation between crystal quali
and perpendicular anisotropy. Crystal quality does not be
to appreciably degrade until the deposition temperat
reaches 250 °C for~111!-oriented samples and never shows
sharp change in~100!-oriented samples, while PMA peaks
400 °C and is found in samples deposited at temperature
to 450 °C.

We suggest that uniaxial anisotropy in this apparently
bic system~as measured by x rays! is due to the Co cluster
ing discussed above, specifically in the form of Co platel
within a Pt-rich matrix, parallel to the surface. This atom
arrangement results in a structure locally similar to
multilayer, but incoherent across the sample, so that x
measurements see only the long-range fcc order. Prev
work on Co/Pt multilayers2,12,13has demonstrated that clea
Co/Pt interfaces are a source of large PMA and that t
layers of Co are required for the moment to be perpendicu
Previous work on ultrathin Co layers grown on Cu~Ref. 35!
has shown that the Curie temperature of ultrathin fcc Co
on the order of 200–400 °C between two and three mono
ers, similar to what is seen here, supporting the sugges
that the platelets must be thin, pure Co in a Pt matrix.

The strong correlation of enhanced low-temperature m
netic moments with magnetic onset temperature and w
perpendicular anisotropy further supports the model of t
Co platelets. To obtain such large values of moment~up to
2.7mB for Ts5400 °C! requires both significant Pt polariza
tion and Co orbital moment. This large orbital moment a
gives rise to the perpendicular anisotropy, similar to wha
found in Co/Pt multilayers, due to Co at the planar Pt int
faces.

Magneto-optic Kerr effect measurements~Fig. 11! show a
strong similarity between the MO spectrum of our most cl
tered sample~grown at 400 °C! and previously measure
multilayers.2 The MOKE spectrum, particularly near 4 eV,
quite sensitive to the Pt environment due to Pt polarizat
effects. In multilayers, polarization occurs at the interfac
In alloys, more Co nearest neighbors cause increased P
larization and hence an increased contribution to the MO
signal. The enhanced Kerr effect at 4 eV photon energie
Fig. 11 for the film grown at 800 °C suggests a more allo
type behavior whereas the reduction in our most cluste
films points to a two-dimensional-like environment. Th
magnitude of the 4 eV MOKE signal thus is not simp
proportional to the net moment of the sample, which is s
nificantly larger in the clustered films~see Fig. 5!.

We point out that themagnitudeof the PMA, not just its
presence or absence, correlates closely with the value o
initial magnetic onset temperature in as-deposited samp
The size of the clustered platelets could be determinativ
the onset temperature, while the smoothness of the C
interfaces determines the strength of the PMA. It is reas
able to postulate that greater Co clustering leads to lar
more defined platelets. This would explain why the on
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temperature and the anisotropy increase monotonically w
deposition temperature up to 400 °C. Annealing and dep
tion rate may have slightly different effects on the size of t
platelets than they do on the smoothness of the interfa
explaining why, for example, annealing and faster deposit
rates reduce anisotropy more quickly thanTc onset.

As previously mentioned, the peak in the coercive for
occurs at a deposition temperature of 300 °C, well below
peak in anisotropy. The coercivity convolves the value of
anisotropy and crystal quality, explaining why coercivity d
pends more strongly than anisotropy on the film orientati
A sample with more internal dislocations is likely to increa
pinning of domain walls. The monotonically increasing m
saic spread with decreasingTS explains why greater coerciv
ity is found in some samples with less anisotropy.

The appearance of Co platelets in a material with a ne
tive energy of mixing~favoring ordering, not phase separ
tion! is unexpected. We suggest that the Co platelets a
growth-surface-driven effect which disappears with anne
ing as the sample relaxes toward the bulk equilibrium sta
Surface segregation could be responsible for the absenc
LRO and could cause Co clustering into platelets for all cr
tallographic orientations. In the absence of significant b
atomic mobility, the surface arrangement would be ‘‘frozen
into the as-deposited sample. Previous workers, includ
ourselves, have suggested an interplay between surface
fusion and limited bulk atomic mobility as being the drivin
force in producing perpendicular anisotropy.3,6,7,19

We were not able to observe direct evidence of plate
formation with TEM. Thin platelets in principle might resu
in lateral strain variations or periodicities that might be d
tected in plan-view transmission images or diffraction p
terns. However, if they are very thin and there are ma
overlapping platelets, they would be difficult to resolve.

Annealing experiments, shown in part in Fig. 12, demo
strate that at temperatures at or above 400 °C, anisotropy
clustering relax away into known bulk phases with no PM
Annealing below 400 °C does not affect any of the samp
~even those deposited at temperatures below the subseq
annealing temperature!. 400 °C is approximatelyTm/3,
whereTm is the alloy melting temperature and, hence, is
expected temperature for the onset of significant bulk ato
mobility on laboratory time scales. For growth temperatu
above 400 °C, we suggest that clustering may still occu
the surface during growth, but is annealed away during
deposition, resulting in the sharply dropping magnetic on
temperatures and the disappearance of PMA seen a
400 °C. Our annealing results show that anisotropy dis
pears much faster than clustering. Viewed in the contex
the thin platelet model, this would imply that the Co/Pt i
terfaces are first disrupted before significant interdiffusion
Co and Pt occurs. It would make sense for the boundarie
the platelets to degrade before the entire platelet mixed
the alloy. Annealing at temperatures even slightly high
than 400 °C~450 °C for 100 h! drives samples grown at a
temperatures toward bulk equilibrium. The sample with p
tial LRO in the as-deposited state changes the least, bu
samples end up with a lower Curie temperature, indicat
the presence of LRO in the annealed samples. The dram
change seen in the film originally deposited at 200 °C a
subsequently annealed is probably due to the larger num



lin
r.
de

w

es

em

-
ng
ss

fa
as
rs
it
to

o
te
/P
o
in
nie

o
i
a
t
ri

,

s
°C

lm
m

00
ic

ra-
n

er-
th

e
in

wth
ile
the
n,
cu-
is
ent
nts
ate
ces,
be
for-
po-
ega-
of
n
nt
he
fcc
rate
er-
ed

or
r
, B.
.
ng
ar-
s-
E-
ry
gh
and
for
the

PRB 60 12 835GROWTH-INDUCED MAGNETIC ANISOTROPY AND . . .
of structural defects in that sample, which provide annea
channels along which atomic diffusion can proceed faste
is clear that independent of the initial state of chemical or
in the film ~clustered, partial LRO, or fcc!, annealing drives
the alloy toward the accepted equilibrium state~LRO or fcc,
depending on temperature! and destroys anisotropy.

Chemical LRO is found in as-deposited samples gro
only at temperatures between 500 and 685 °C~the L12
chemical order-disorder transition!.26,27The width of theL12
LRO peaks~from x-ray diffraction! is broad, implying small
LRO domain sizes. The domain size calculated from th
widths is consistent with the size expected15 in an initially
chemically disordered sample annealed at the growth t
perature for the duration of the deposition~1.5 h!. This ob-
servation suggests thatL12 LRO is formed only in the sub
surface portionof these samples due to annealing duri
deposition, due perhaps to surface segregation suppre
LRO at the growth surface.

The deposition rate experiments also suggest that sur
atomic mobility determines the amount of anisotropy in
deposited samples. At 250 °C, where significant PMA fi
appears in the as-deposited samples, slowing the depos
rate ~thus allowing more time for each new monolayer
access the low-energy configuration! results in a significant
PMA increase. A possible mechanism explaining this anis
ropy increase could be the sharpening of the Co/Pt in
faces. At faster deposition rates the formation of clean Co
interfaces could be kinetically limited, resulting in a loss
anisotropy in the overall sample. It is not clear why the
crease of PMA at slower deposition rates is not accompa
by greater clustering, but it is possible that the amount
clustering is less sensitive to surface atomic mobility than
the quality of the interfaces. Varying the deposition rate
400 °C produces no change in the magnetic properties of
sample, possibly because the surface reaches an equilib
quickly at this temperature.

SUMMARY

We have deposited epitaxial~100!, ~110!, ~111!, and poly-
crystalline Co0.25Pt0.75 and Co0.35Pt0.65 films on ~100! and
~110! MgO, ~100! NaCl, ~0001! Al2O3, and amorphous SiN
respectively, over a range of growth temperatures from250
to 800 °C at deposition rates from 0.01 to 1.5 Å/s. Film
grown at250 and 80 °C and films grown at or above 700
are chemically disordered, homogeneous fcc phase.L12
long-range chemical order is present in as-deposited fi
grown at 550 °C,TS,700 °C and reaches its maximu
value in those films grown at 630 °C (S50.65); the LRO
domain width is small, however. Films grown between 2
and 450 °C show dramatic growth-induced properties wh
s,
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vanish with annealing, including an enhanced Curie tempe
ture ~up to 400 °C onset! and low-temperature saturatio
magnetization~up to 2.7mB per unit cell!, perpendicular an-
isotropy ~up to 73106 ergs/cm3!, coercivity, and Kerr rota-
tion. The magnetic properties indicate significant Co clust
ing, with a magnitude which is perfectly correlated wi
perpendicular anisotropy and anticorrelated with LRO. W
find no qualitative difference in clustering or anisotropy
the three sample orientations:~100!, ~110!, and~111!.

We propose that the clustering takes the form of thin~two
to three monolayers! flat platelets of fcc Co within a Pt-rich
matrix, caused by aggregation of Co atoms at the gro
surface, independent of crystallographic orientation. Wh
there is no direct structural evidence for these platelets,
magnetic properties~enhanced saturation magnetizatio
Kerr rotation, Curie temperature, coercivity, and perpendi
lar anisotropy! are all explained by and consistent with th
model. The platelets must be relatively small and incoher
with each other, resulting in x-ray and TEM measureme
of a random fcc solid solution. Annealing and deposition r
experiments suggest that the sharpness of the interfa
which determines the magnitude of the anisotropy, may
more easily destroyed than the platelets themselves. The
mation of clustered Co networks on the surface during de
sition may be related to the phenomenon of surface segr
tion. At deposition temperatures below the onset
significant bulk atomic mobility, the growth-surface-drive
arrangement of Co clusters is ‘‘frozen in’’ by subseque
deposition. Annealing eliminates the platelets, driving t
system toward either LRO or a chemically disordered
state depending on annealing temperature. Deposition
experiments point to surface atomic mobility as the det
mining factor in the amount of anisotropy in as-deposit
samples.
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